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A B S T R A C T   
The objective of this work is to investigate the plastic deformation and associated microstructural 
evolution and damage in a martensitic steel at multiple length scales, using a combination of 
finite-element (FE) modelling and experimental measurements. A multiscale model is developed 
to predict damage evolution in the necked region of a uniaxial tensile test specimen. At the 
macroscale, a von Mises plasticity FE model in conjunction with a Gurson-Tvergaard-Needleman 
damage model is used to predict the global deformation and damage evolution. A physically- 
based crystal plasticity model, incorporating a damage variable is used to investigate the 
microscale plastic deformation behaviour and the changes in crystal orientation under large 
strains. The model predicts that slip bands form at the onset of plastic deformation and rotate to 
become almost parallel to the loading direction at large strain. In the necked region, the initially 
randomly orientated microstructure develops texture, brought about by inelastic deformation and 
lattice rotation towards the stable [011] orientation. The predicted crystal orientations and 
misorientation distribution are in good agreement with measurements obtained through electron 
backscatter diffraction in the centre of the necked region of the tensile test specimens. The 
experimental and modelling techniques developed in this work can be used to provide infor-
mation on the evolution of plastic deformation and damage as well as the orientation-dependent 
crack initiation and microstructural evolution during large deformation of engineering materials.   
1. Introduction 
Tempered martensitic steels, such as P91, are widely used in current power generation plant due to their excellent high strength 
and corrosion resistance at elevated temperature (Abe, 2008; Chatterjee et al., 2018). Understanding microstructural changes and 
damage evolution, which occur during high-temperature deformation, is crucial to understanding failure mechanisms in P91, which 
are strongly affected by void formation and growth, ultimately leading to crack initiation and failure (Abe, 2016). In steels, 9 wt% Cr is 
the optimum chromium concentration to obtain the highest creep rupture strength (Abe et al., 2008), due to the formation of Cr rich 
precipitates such as M23C6 and MX. While these precipitates stabilise the fine martensitic microstructure by pinning block/lath 
boundaries, they may also act as void initiation sites leading to damage at the microscale, as observed in (Cakan et al., 2017). Damage 
can also be observed at or near grain boundaries in 9Cr steels as crack-like cavities (Lee and Maruyama, 2015). An example of void 
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growth, observed in the necked region of a P91 tensile specimen tested at 500 ◦C, is shown in Fig. 1. Due to the low volume fraction of 
large inclusions present in P91, it is assumed that the majority of void nucleation occurs at MX precipitates or near grain boundaries. 
In-situ X-ray micro-thermography has been used to investigate damage evolution in P91 under uniaxial loading in Chiantoni et al. 
(2013). However, the resolution of this technique was not sufficient to carry out a quantitative analysis of void nucleation at submicron 
precipitates. Currently, no experimental technique with sufficient resolution to observe void nucleation at sub-micron sized particles, 
during high-temperature deformation of P91, is available. Therefore, a multiscale (two-scale) experimentally validated FE modelling 
approach is adopted in this work to predict damage evolution at the microscale. Similar two scale approaches, using continuum level 
finite element models in combination with crystal plasticity finite element models have been used in (Yaghoobi et al., 2020; Han et al., 
2020; Shang et al., 2020; Muhammad et al., 2019). Muhammad et al. (2019), in particular, used a multiscale approach, incorporating a 
crystal plasticity finite element model at the microscale, demonstrating good agreement between predicted texture evolution under 
large deformation of an aluminium alloy and that obtained experimentally from EBSD scans. In this work, we examine orientation and 
block morphology changes which occur at high levels of deformation, including the formation and annihilation of high angle grain 
boundaries (HABs) due to large orientation changes in P91. The particular application examined is of a uniaxial test specimen under 
large deformation, but the models developed in this work can be applied to the multiscale deformation behaviour and texture 
development in metallic materials for a wide range of applications, such as extrusion or rolling processes. 
Numerous models are available to investigate damage evolution in metallic materials over different length scales. A widely used 
model is the Gurson-Tvergaard-Needleman (GTN) model (Gurson, 1977; Chu and Needleman, 1980; Tvergaard, 1981), which is based 
on the growth and coalescence of spherical voids in an incompressible matrix. Voids are not explicitly represented in the GTN model, 
however; a yield function is used to represent the effect of void growth and the subsequent softening of the material. An alternative 
approach, based on continuum damage mechanics, was introduced by Lemaitre et al. (Lemaitre, 1985), taking into account the density 
of microcracks or cavities in the material through a damage parameter (D). In Lemaitre et al. (Lemaitre, 1985) the damage in several 
engineering materials was measured using the modulus reduction technique. In all materials considered, the damage variable 
increased linearly with equivalent strain. However, the equivalent strain required to initiate damage varied in all materials studied. In 
some materials, such as steel XC-36 and 30CD4, the damage initiated at the onset of plastic strain, however, in other materials, such as 
steel E24, the damage did not initiate until an equivalent strain of 50% was reached. In this work, the GTN approach is used at the 
macroscale while the Lemaitre approach is used at the microscale, in conjunction with a crystal plasticity model to predict the ductile 
damage in P91. 
In our previous studies, (Meade et al., 2018), it was found that the change in crystal orientation predicted by a crystal plasticity 
model at low levels of applied strain showed good agreement with experimental results. However, the levels of plastic strain examined 
in (Meade et al., 2018) were not sufficient to initiate significant levels of damage. The understanding of damage initiation and evo-
lution in P91 during high temperature deformation is critical in component design to delay the onset of damage evolution, and prolong 
the service life of these components. Therefore, this paper aims to develop a multiscale model to investigate the high-temperature 
mechanical response, damage evolution, and microstructural evolution of a martensitic microstructure under large uniaxial 
deformations. 
Fig. 1. SEM image obtained from the necked region of a ruptured P91 test sample; the upper inset to the right is the local region about 1 mm from 
the fracture surface and the lower inset is the local rupture at the fracture surface. 
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2. Description of the multiscale model 
2.1. Macroscale model 
In this work, a finite-element model of a tensile specimen was created in Abaqus (Dassault Systemes Simulia, 2018), to simulate 
large deformations near the necked region of a tensile specimen. The specimen, illustrated in Fig. 2(a), has gauge length and diameter 
of 25 mm and 4 mm, respectively. The specimen is symmetric about the X–Z plane and axisymmetric about the Y-axis. Therefore, a 2-D 
quarter segment (Fig. 2(b)) of the gauge length is sufficient to obtain a full 3-D solution. A displacement boundary condition is applied 
to the nodes on the top surface of the geometry, as shown in Fig. 2(b). To induce necking an initial geometric imperfection in the form 
of a chamfer is introduced at the bottom right corner of the rectangular region shown in Fig. 2(b), which reduces the diameter by 1%. A 
mesh, with 250,000 reduced integration axisymmetric elements (CAX4R in Abaqus (Dassault Systemes Simulia, 2018)), is used to 
capture the deformation in the necking region accurately. 
2.2. Microscale model 
The region of interest for the microscale analysis is in the centre of the necked area of the macroscale model, highlighted by the 
dashed box in Fig. 3(a). The region of interest in the macroscale model contains 5 × 5 elements, each measuring 10 × 10 μm (see Fig. 3 
(a)). The displacements at the boundary nodes of this region are extracted and applied to the corresponding nodes of the microscale 
representative volume element (RVE), as shown in Fig. 3(b). The microscale mesh is made up of 625,000 3-D brick elements (C3D8 in 
Abaqus (Dassault Systemes Simulia, 2018)), each measuring 0.4 μm × 0.4 μm. Therefore, each macroscale element is represented by 
625 (25 × 25) microscale elements. The finite element mesh size at the microscale corresponds to the resolution of the experimental 
EBSD scan and, based on our previous studies, provides a solution which is relatively independent of further mesh refinement, (Li et al., 
2013; Sun et al., 2019a). In (Sun et al., 2019a) it was found that results from meshes with element sizes of 0.38 μm and 1.0 μm, 
respectively, differed by less than 5%. Thus a mesh of this size (0.4 μm) is sufficient to resolve the strain gradients at the microscopic 
scale. Due to symmetry in the macroscale geometry, the region of interest only represents a quarter of the microscale region. The 
microscale RVE is also geometrically symmetric, in both the X and Y direction. Therefore, the displacement applied to the top left 
quadrant of the microscale mesh is mapped to the other three quadrants. It may be noted, however, that the material morphology of the 
100 μm × 100 μm region of interest is extracted directly from a 2D electron backscatter diffraction (EBSD) scan of the region of interest 
and is not symmetric. In the out-of-plane, Z direction a periodic boundary condition is applied, simulating columnar grains. As dis-
cussed in Section 3.2, the microscale constitutive model is rate dependent. The strain rate applied to the microscale RVE is consistent 
with that applied in the tensile test (overall strain rate of 0.025%/sec). 
Fig. 2. Macroscale necking model geometry: (a) tensile specimen geometry, (b) rectangular region representing quarter of the specimen cross 
section, showing applied boundary conditions, (c) revolution of the rectangular region representing the full cylindrical model geometry. 
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2.2.1. Evaluation of texture evolution in the microscale model 
The initial orientation of each crystal is represented by three Euler angles (α, β and γ by the Bunge definition) (Engler and Randle, 
2010) measured by EBSD. Rotating along the normal direction (ND or Z) by α results in the transformation of the transverse direction 
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By multiplying the three rotation matrix in sequence, the final rotation matrix Q has the following form: 
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The orientation change of a material point of the polycrystal is based on the calculation of the elastic deformation gradient Fe at 
each point. The elastic deformation can be divided into two independent matrices, i.e. rotation tensor (R) and stretch tensor (U) in the 
following form: 
Fe = R ·U, (2)  
which provides the evolution of texture, through the rotation matrix, R. Therefore, the final orientation of each material point is 
Q’ = R ·Q. (3) 
The Euler angles (α′, β′, γ′) after deformation can then be obtained by solving Eq. (2) for the matrix Q′. Based on these values the 
inverse pole figures describing the material orientations following deformation can be determined. It should be noted that although 
lattice rotation is included in the elastic part of the deformation gradient, Fe, this deformation is invariably associated with large 
inelastic deformation due to the constraint on rotation provided by adjacent regions of different orientation and boundary conditions. 
Fig. 3. Microscale RVE set-up, (a) macroscale model with element size 10 μm × 10 μm showing the boundary displacements of the nodes where 
were extracted from region of interest, (b) microscale RVE with element size 0.4 μm × 0.4 μm showing the application of the nodal displacements of 
the macroscale model to the boundary of the RVE. 
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Thus texture changes are associated with large changes in inelastic deformation, as will be seen in Section 5. 
3. Constitutive models 
3.1. Macroscale-GTN porous plasticity model 
An elastic-plastic material model accounting for damage due to void nucleation and growth was proposed by Gurson (1977). 
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is based on the incompressibility of plastic flow and is given by, 
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ϵ̇plm , (10)  
where, the nucleation strain is denoted by ϵN, with a standard deviation of sN, and ϵplm is the accumulated plastic strain in the unvoided 
material. The total volume fraction due to nucleated voids is fN. In this work fN includes voids initiated at precipitates and at/near grain 
boundaries. 
3.2. Crystal plasticity constitutive model 
The deformation of the material within the necked region at the microscale is simulated using a rate dependent, finite strain crystal 
plasticity formulation. The crystal plasticity model used here was originally developed by Busso et al. (Busso and McClintock, 1996; 
Busso et al., 2000), and has been extended to simulate the deformation in austenitic and martensitic steels in (Li et al., 2011, 2013; 
Golden, 2016; Golden et al., 2014). In the finite strain formulation, the total deformation gradient (F) is decomposed into an elastic (Fe) 
and plastic (Fp) part, (Peirce et al., 1982), 
F = Fe ·Fp. (11) 
The plastic velocity gradient (Lp) is linearly dependent on the crystallographic slip rate, 
Lp = Ḟp(Fp)− 1 =
∑N
α=1
γ̇αm*α ⊗ n*α, (12)  
where: 
m*α ⊗ n*α = Femα ⊗ nα(Fe)− 1, (13)  
and γ̇α is the plastic shear rate on the activated slip system α and N is the total number of potential slip systems. On each activated slip 
system α, m*α is the unit vector in the slip direction and n*α is the unit normal vector on the slip plane of the deformed lattice. The slip 
direction and slip plane normal in the undeformed configuration are represented by mα and nα, respectively. The plastic shear rate γ̇α 
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In Eq. (14), the driving stress for plastic slip |τα|− Sαμ/μ0 is obtained by taking into account lattice friction effects and thermally 
activated obstacles; Sα represents the athermal component of the flow stress or overall slip resistance, and τα is the resolved shear stress. 
T and k are the absolute temperature and the Boltzmann constant, respectively. The material constants are: F0, the total free energy 
required to overcome the lattice resistance, ̂τ0, the lattice friction stress (critical shear stress) at 0 K, μ0, the shear modulus at 0 K, and μ 
the shear modulus at the temperature of interest. The exponential constants and reference strain rate are denoted p, q and γ̇0. The 














⃒, (15)  
where hαβ is the hardening matrix, S0 and Ssat are the initial and saturated value of the slip resistance, respectively. The hardening 
matrix is defined in Eq. (16), 
hαβ = hs[w1 +(1 − w2)δαβ], (16)  
where hs is a material constant, δαβ the Kronecker delta and the values of w1 and w2 define the interaction between slip systems. In this 
work, as in (Meade et al., 2018; Sun et al., 2018, 2019a) it is assumed that all slip systems interact equally, i.e. w1 = w2 = 1 (cross 
hardening). Equation (15) used to describe the evolution of slip resistance (Sα) is phenomenological, relating evolution of slip resis-
tance to the inelastic slip system strain rate and does not provide a direct link to the evolution of dislocation density, as in, e.g. (Langer 
et al., 2010), (Langer, 2016). The authors have used a dislocation density based constitutive model in (Li et al., 2014; Sun et al., 2019b), 
specifically to examine length scale effect in crystal plasticity. In this paper a phenomenological model is used (similar to that used in, 
e.g. (Erinosho et al., 2016)) as it provides a more straightforward route to model calibration. 
For this BCC material, we consider twelve potential slip systems of the type, {110} < 111 > . There is evidence of slip being 
observed in ferritic steels on a further twelve {211} < 111 > systems, (Du et al., 2018). However, our work has indicated that 
incorporating these twelve additional slip systems does not significantly affect the predictions of the crystal plasticity model (Meade, 
2020); similar conclusions were reached in (Erinosho et al., 2013). We note also that the crystal plasticity model examined here does 
not include a length-scale dependence, as in the work of (Sun et al., 2019a; Dunne et al., 2012; Sweeney et al., 2013). At the length 
scales examined here, size effects are not expected to be significant for this material, (Sun et al., 2019a; Li et al., 2014). Non-Schmid 
effects, which have been observed for BCC materials at low temperature, e.g. (Spitzig and Keh, 1970), have not been included as it is 
believed that at higher temperatures as examined here, the non-Schmid effect is not significant, (Lim et al., 2013). 
3.2.1. Implementation of damage at the microscale 
It is difficult to determine and verify the relation between the damage variable D and plastic strain at the microscale, since the 
damage variable can not currently be easily measured at such a small scale. In this work, the loss of load bearing area in the material 
due to void nucleation and growth is quantified by a damage variable, D, causing a reduction in the elastic stiffness matrix of the 
material. The relationship between D and the elastic stiffness tensor, C, is described in Eq. (17). 
C = (1 − D)C0, (17)  
where C0 is the elastic stiffness without damage. The damage parameter D ranges from 0 to 1 to represent the degree of damage in the 







0, ϵeq ≤ ϵi
ϵeq − ϵi
ϵf − ϵi
, ϵi < ϵeq ≤ ϵf
1, ϵeq > ϵf
. (18) 










dt, (19)  







Femα ⊗ nα(Fe)− 1 + (Fe)− T nα ⊗ mα(Fe)T
]
. (20) 
It is assumed that there is no damage (D = 0) in the material until the equivalent plastic strain reaches a damage initiation strain 
(ϵi). The damage parameter (D) then increases linearly until the failure strain (ϵf) is reached when D = 1, as illustrated in Fig. 4. D has 
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been shown to increase linearly with increasing equivalent plastic strain in a range of materials e.g. (Lemaitre, 1985; Mkaddem et al., 
2004). Therefore, it is assumed in this work that the damage parameter at the microscale has a linear dependence on equivalent plastic 
strain. 
4. Application of multiscale damage model 
4.1. Macroscale model calibration 
To determine the values of the GTN parameters, the model response at the macroscale was fitted to the tensile data, obtained from 
an ex-service P91 steel, as shown in Fig. 5(a). The GTN model parameters used to obtain the fit shown in Fig. 5(a) are presented in 
Table 1. To achieve the fit shown in Fig. 5(a), the following steps are carried out: 1. The true stress-strain data are obtained from the 
engineering stress-strain curve. 2. The true stress-strain curve is extrapolated linearly beyond its maximum value, as shown in Fig. 5(b). 
3. The true stress-strain data from Fig. 5(b) are introduced as a piecewise-linear strain hardening model (*PLASTIC keyword in 
Abaqus). 4. The GTN model parameters (*POROUS METAL PLASTICITY and *VOID NUCLEATION in Abaqus) are varied to provide the 
best fit to the measured engineering stress-strain data in Fig. 5(a). 
It may be seen from Fig. 5(a) that the effect of damage becomes significant at the macroscale beyond an engineering strain of 
approximately 8%, where the predicted stress-strain curve with damage deviates from the curve without damage evolution. 
A contour plot of void volume fraction (f) with increasing engineering strain is shown in Fig. 6. From Fig. 6 it is clear that the 
highest level of damage is located in the centre of the necked region. This location was therefore chosen as the region of interest of the 
microscale analysis. It may be noted that Chiantoni et al. (2013) have shown through the use of X-ray microtomography that the 
highest accumulation of damage is located in the centre of the necked region of a P91 tensile specimen. 
4.1.1. Experimental validation of macroscale predictions 
To validate the macroscale model prediction, the percentage reduction in area obtained from the model, is compared with that of 
the fractured tensile specimens. The neck diameter obtained from the experiment was measured using a shadowgraph and compared 
with the result extracted directly from the model at a strain of 17.7%. A comparison of the neck profile of a fractured specimen and the 
model, are shown in Fig. 7. 
Three experiments were performed under the same condition to obtain the area reduction, which ranged between 80 and 85%, 
while the percentage reduction in area obtained from the model was 81%. Since the predicted tensile response and area reduction 
match the experimental measurements, the predicted local response near the necking region is reliable, even though validation of local 
true stress-strain is difficult. However, to provide a comprehensive experimental validation of the void growth and nucleation model, 
further in-situ experimental work is required. 
4.2. Microscale model calibration 
At the microscale, strains up to 200% are examined to induce significant levels of damage. This high level of strain, significantly 
higher than the measured global strain to failure of approx. 18% in Fig. 5, is due to the very localised non-uniform strains in the necked 
region. As the strains in the microscale region are non-uniform, a periodic boundary condition to represent uniform tension at the 
microscale, used in previous work (Meade et al., 2018; Golden et al., 2014, 2015, 2016; Li et al., 2014), is no longer valid and a 
Fig. 4. Evolution of damage parameter with plastic strain used in the microscale model.  
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different approach is used this work. A two-step calibration process is adopted. First, the microscale crystal plasticity model is cali-
brated against the predicted macroscale stress-strain response within the region of interest of the macroscale model, when no damage 
is included. The macroscale model has previously been calibrated against uniaxial tensile data, as presented in Fig. 5(a). To obtain the 
boundary conditions used for this calibration, the displacement field around the region of interest in the macroscale model is applied to 
the microscale model, as shown in Fig. 3. The crystal plasticity model parameters are then varied based on a parameter study to obtain 
Fig. 5. (a) Calibration for the GTN model to fit high-temperature uniaxial test data. (b) True stress strain curve used to model the hardening 
behaviour of the material; the extrapolated data is described by the dotted line is extrapolated from the experimental data before UTS. 
Table 1 
Values of the parameters used in the macroscale porous plasticity model (all parameters are dimensionless).  
q1 q2 q3 ϵN fN sN fi 
0.9 0.9 0.81 0.35 0.06 0.1 0.0015  
Fig. 6. Contour plots showing the evolution of void volume fraction (f) in the macroscale model between engineering strain levels of 10–18% (For 
ease of visualisation the results have been reflected about the symmetry lines). 
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the best fit between the macro- and micro-scale model responses when no damage is considered, as shown in Fig. 8. The true strain here 
in the microscale model, ϵT, is calculated by averaging the true strain of each element over the whole RVE. The constitutive model 
parameters used to obtain the fit between the macro- and micro-scale models with no damage are presented in Table 2. 
The second step in the calibration process is carried out to determine the two parameters in Eq. (18), ϵi and ϵf, which define the 
evolution of the damage parameter, D, by comparing the response of both models when damage is considered. The values of ϵi and ϵf 
used to obtain the fit shown in Fig. 8 were 25% and 800%, respectively. Therefore, no damage initiates at the microscale until 25% 
strain is reached at a material point. The damage parameter then increases linearly until failure is reached when the equivalent strain 
at the microscale, ϵeq = ϵf = 800% strain. 
4.2.1. Microscale model experimental validation 
Based on examination of EBSD scans taken from the undeformed material, the orientation distribution in the initial state is 
considered to be random over the full range of orientations (multiples of random distribution, MRD = 1). An EBSD scan was taken in 
the centre of the necked region of a tensile specimen to compare measured orientation changes with the microscale model predictions. 
Following testing, the sample was sectioned along its longitudinal axis, to produce a flat surface. Fig. 9 shows an EBSD scan (120 μm ×
120 μm) taken at a position in the centre of the neck, approximately 210 μm from the fracture surface. The scan location was offset 
from the fracture surface to avoid areas of extreme damage (see Fig. 1) which would not be suitable for EBSD analysis. Fig. 9(a) shows a 
schematic of the necked region outlining the location of the RVE. The initial RVE is indicated by a square, while a rectangle outlines the 
shape of the deformed RVE. The area measured in the experimental EBSD analysis was included in the area represented by the 
deformed RVE, as shown in Fig. 9(a) and (b). Therefore, an area of interest from the same region of the experiment and model can be 
compared directly. The black regions in the deformed EBSD orientation map shown in Fig. 9(c) are unindexable points where the 
software was unable to obtain a suitable Kikuchi pattern to determine the orientation of the crystal. The majority of these unindexable 
points are located on high angle boundaries where the software is unable to determine the orientation of the point as two partial 
Kikuchi patterns are included in the analysis. The Kikuchi patterns obtained from these points, therefore, do not match the indexing 
pattern in the EBSD software. 
Fig. 10(a) shows the initial block boundaries of the tempered martensitic microstructure determined from an EBSD scan taken on an 
area of undeformed material. Block boundaries are defined by misorientations ≥10.5◦ since this is the minimum misorientation be-
tween blocks in the K–S orientation relationship (Sun et al., 2018). It may be noted that some of the blocks in the figure appear to be 
smaller than 1 μm. The EBSD data measured in the experiment is the crystal orientation for the sample surface. Grains (blocks) with 
values of sizes below 1 μm in Fig. 10(a) are believed to be the summits of blocks which have penetrated through neighbouring blocks. 
Fig. 7. Comparison of the experimentally measured and simulated the necked region: (a) shadowgraph image of the fractured tensile test specimen, 
the area reduction measured from 3 experiments ranged between 80 and 85%, (b) predicted neck geometry using the macroscale damage model, the 
measured area reduction from the model was 80.6%. 
Fig. 8. Microscale model calibration with and without the effect of damage.  
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The block summit is a small part of the larger neighbouring block and the plastic response is therefore dominated by the large block. 
Thus the crystal plasticity model used in the current study is considered to be valid, without including for example length-scale 
dependent plasticity to represent deformation in very small blocks. 
Fig. 10(b) shows the measured block boundaries of the deformed region of interest near the fracture surface. Blocks are elongated, 
resulting in a high aspect ratio, similar to the block shape expected after a rolling process (Janosĕc et al., 2007). The predicted pattern 
of block shapes from the microscale FE analysis at large strain in Fig. 10(c) shows good qualitative agreement with the experimental 
measurement in Fig. 10(b). 
To quantify the change in block morphology, the distribution of block area and aspect ratio in the initial and deformed material are 
plotted in Fig. 11. Fig. 11(a) shows that a large number of blocks have an area ≤ 1 μm2 and the frequency of these small blocks in the 
deformed material is greater than that of the initial state. In contrast, the frequency of block areas larger than 2 μm2 decreases, 
compared to the initial state. This indicates that large blocks are divided into smaller blocks during deformation, due to the creation of 
high angle block boundaries brought about by large lattice rotations during deformation. Fig. 11(b) compares the distribution of block 
aspect ratio in the initial and deformed state. In the initial state, about 40% of the blocks have an aspect ratio = 1. However, in the 
deformed region, the blocks are stretched in the loading direction and contract in the transverse direction, resulting in a large aspect 
ratio. Over 65% of blocks have aspect ratio over 1.5 after a strain of 165% is applied. The morphology distributions predicted in the 
Table 2 
Crystal plasticity model parameters used to obtain the fit shown in Fig. 8  
T τ0 S0 Ssat h0 γ0 F0 p q E100 G100 G0 
oC MPa MPa MPa MPa S− 1 ( × 10− 18)J – – GPa GPa GPa 
500 480 38 850 65 450 0.43 0.5 1.25 97 121 140  
Fig. 9. (a) Schematic of macroscale necking model show the location of the initial and deformed RVE; (b) SEM micrograph of fractured specimen 
showing the location of EBSD scan; (c) EBSD map of the deformed region plotted with respect to loading direction. 
Fig. 10. Block boundaries in (a) initial RVE, (b) region of interest near necking from experimental measurement (18% engineering strain) and (c) 
prediction of deformed boundaries by the microscale damage model when an average strain of 1.65 is applied to the boundary of the RVE. 
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region of interest for block area and aspect ratio are consistent with the experimental measurements, providing confidence in the 
model predictions. 
5. Predicted orientation changes under high plastic strain 
The validated model is next used to examine the evolution of crystal orientation during large deformations of the tensile specimen. 
In metals, plastic slip results in lattice rotation in both single crystal and polycrystalline materials (Sevillano et al., 1980; Kestens and 
Pirgazi, 2016; Hosford, 2009). A schematic of the rotation of a lattice loaded in tension with a single active slip system is presented in 
Fig. 12. In Fig. 12(a), a crystal lattice is loaded along a line AB. In the lattice, there is a single slip plane (red line) lying 45◦ to the tensile 
axis. Shear stress on a slip plane activates the slip system causing a shear in the crystal, as shown in Fig. 12(b). This shear causes the 
tensile axis AB to be offset to a line A′B. However, as the tensile axis must remain vertical the crystal lattice rotates through an angle Ω 
from line A′B to AB, as presented in Fig. 12(c). Each unit shear in the lattice causes a rotation through an angle Ω until the slip direction 
becomes parallel to the loading direction. At this point, slip is no longer active as the Schmid factor of the slip system is zero. 
5.1. Microscale model prediction of orientation change 
To examine if the microscale model correctly predicts the orientation change occurring in the material under high plastic strain, the 
MRD value obtained from the RVE at a strain level of 165% is compared to that obtained from the region of interest in the tensile 
specimen after the test. MRD compares measured orientations of a region to a random texture (MRD = 1), on an inverse pole figure. 
Therefore, MRD is a measure of the degree of preferred orientation, i.e. a measure of the deviation of the orientations from a uniform 
distribution (Hielscher et al., 2010). Fig. 13 shows that there is a good agreement between the model and experimental results. The 
MRD in the initial scan, Fig. 13(a), is approximately 1, indicating a random orientation distribution. The model correctly predicts the 
change in orientation towards the [011] orientation in Fig. 13(b). However, the model predicts a higher MRD value (peak = 2.6) near 
the [011] orientation, compared to the experimental measurement of MRD (peak = 2.4). 
The effect of plastic strain and damage on the evolution of texture and the change in orientation towards [011] is illustrated in 
Fig. 14. The figure shows the evolution of the volume fraction of blocks with three specific orientations: [001], [011] and [111] as a 
function of microscale accumulated equivalent plastic strain, ϵeq. A small spread of five degrees around these orientations is accepted in 
the calculation, as shown in the inset to Fig. 14. Two sets of data, with damage and without damage, the latter corresponding to the 
results of Fig. 13, are compared to reveal the effect of damage on the texture evolution. In the initial state, the volume fraction of the 
three crystal orientations are almost identical (~ 2%). With increasing plastic strain the volume concentrations of both [001] and 
[111] orientations decrease while the volume fraction of the [011] orientation increases almost linearly until ϵeq ≈ 0.25 and non- 
linearly thereafter. The loss of linearity is associated with the complex stress and strain state during necking (i.e. stress state is no 
longer uniaxial). This effect is more severe when damage is included and the volume fraction of blocks with [011] orientation tends to 
saturate, and indeed slightly decreases, due to the stress drop before failure (see Fig. 8 and Eq. (17)). 
5.1.1. Predictions of block boundary evolution during large deformation 
To examine the changes in block morphology during deformation in more detail, orientation changes predicted by the model within 
Fig. 11. Frequency of (a) block area and (b) aspect ratio in the region of interest.  
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two regions near the centre of the neck, labelled region I and II in Fig. 15, are analysed. Note that direct experimental validation of 
these results is not possible as the EBSD maps correspond to regions in the interior of the tensile specimen and only measurements 
before and after testing, as in Fig. 13, are possible. The initial EBSD maps obtained from regions I and II are enlarged in Fig. 15(b) for 
clarity. As the strain applied to the model is increased to ϵ = 0.3, Fig. 15(c), the model predicts that the orientations of the lower red 
block ([001] orientation) in region I begin to rotate towards the [227] orientation (purple region of the IPF), as shown in the upper 
figure of Fig. 15(c). This indicates that the [111] direction of the crystals in the block are approaching parallelism with the sample 
loading direction. The material points with a light blue colour adjacent to the red block in region I are approaching the [011] 
orientation (green region of the IPF), indicating that the [011] direction of the crystals in the block are approaching parallelism with 
the sample loading direction. In region I, at large strains, some purple regions tend to become yellow or orange, i.e. the orientation of 
the crystals are between [001] and [011]. In region II, some purple/light blue blocks with an initial block orientation between [001] 
and [111] rotate towards the [011] orientation when 0.3 strain is applied. As the strain is increased to 0.9, the orientation of the 
crystals with an [011] orientation (green) does not change significantly, as shown in the lower figure of Fig. 15(d). This indicates that 
the [011] is a stable orientation for the BCC structure. The model predictions of orientation change are thus consistent with the analysis 
of plastic slip based on Schmid factor during uniform tension of BCC single crystal observed in (Hosford, 2009). Polycrystalline BCC 
materials are more complicated than single crystals due to interactions between neighbouring blocks. However, overall the preferred 
Fig. 12. Schematic illustrating the lattice rotation brought about by plastic slip in a cubic structure, adapted from (Kestens and Pirgazi, 2016), (a) 
initial loading configuration, (b) angular off set of the tensile axis due to slip on the slip plane, (c) correction of the angular offset of the tensile axis 
by rotating the lattice through an angle Ω 
Fig. 13. IPFs comparing the MRD within the region of interest obtained from: (a) initial state, (b) microscale model at final rupture strain (true 
strain = 165%), and (c) EBSD measurements of the deformed region. 
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orientation following tensile loading remains [011]. 
As, seen in Section 4.2.1, large deformation leads to the formation of subgrains within original blocks due to the interaction be-
tween blocks, i.e. a difference in plastic slip. 
Fig. 16(a) shows the misorientation profile along line A-B in region I of Fig. 15(a). The initial misorientations (indicated by the 
black bars) are all less than the block boundary threshold of 10◦, i.e. line A-B is located within one block. When the strain is increased to 
0.3 (indicated by the green bars), some misorientations increase above the block boundary threshold, resulting in the formation of new 
subgrain boundaries. This increase in block boundary misorientation continues as the strain is increased to 0.9 (indicated by the blue 
bars). The reason for the observed increase in block boundary misorientation is that the plastic slip for two neighbouring material 
points is different even though they are within the same block. Therefore, these points approach the stable orientation of [011] at 
different rates, leading to a difference in the misorientation angle between the material points. 
Fig. 16(b) shows the misorientation profile along line C-D in region II of Fig. 15(a), which contains a number of block boundaries. 
The maximum misorientation within a cubic lattice according to the K–S relationship is 62.8◦, (Sun et al., 2018; Engler and Randle, 
2010). Therefore, along line CD the misorientation of the pre-existing block boundaries cannot exceed 62.8◦ and the misorientation of 
these material points must decrease to reach a stable [011] orientation. As can be seen in Fig. 16(b), the misorientation of some high 
angle boundaries (near the maximum misorientation) reduces with increasing strain to approach the block boundary threshold angle 
Fig. 14. Volume fraction of orientations [001], [011] and [111] as a function of accumulated equivalent plastic strain, ϵeq. The inset is the inverse 
pole figure indicating that the calculations are carried out within a small spread of five degree around these orientations. 
Fig. 15. (a) Initial EBSD map near the necked region; the inset squares outline two local regions denoted as I and II. (b), (c), and (d) show the EBSD 
maps of local regions plotted on the undeformed geometry at strains of ϵ = 0, ϵ = 0.3 and ϵ = 0.9, respectively. The strain, ϵ, is calculated by 
averaging the true strain of each element in the microscale model. Black lines in Figs. (b)–(d) indicate block boundaries. 
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of 10◦, resulting in the coalescence of blocks, also evident in the lower figures of Fig. 15(c) and (d). 
6. Conclusions 
In this work, microstructure and damage evolution of a martensitic steel, P91, have been analysed using a multiscale model, which 
includes damage evolution, under large deformation. While the model presented in this paper is calibrated specifically for P91 ma-
terials, the modelling approach has relevance for the study of many engineering materials and loading conditions. For example, the 
model could be used to predict the microstructural changes in a material during a forging process, given the initial microstructure and 
mechanical properties of the material. The key findings arising from the multi-scale modelling are:  
● The critical strain for damage initiation at the microscale for P91 is 25% at 500 ◦C. The significance of this conclusion is that 
damage may occur at a relatively low global strain, (necking observed at 5% global strain) while the local strain in the damaged 
region can reach almost five times the global strain. It is this local critical strain that would be used in assessment procedures using a 
local approach.  
● Our crystal plasticity finite element model confirms that the orientation of an initially random polycrystal approaches the stable 
[011] crystal orientation under an applied tensile load, consistent with theoretical predictions of orientation change under uniaxial 
loading (Engler and Randle, 2010). The tendency to approach a stable [011] crystal orientation has a non-linear dependence on 
equivalent plastic strain and is affected by the formation of the neck in a tensile specimen and the development of damage.  
● Our models demonstrate that large plastic deformations can lead to generation or annihilation of high angle block boundaries 
resulting in the formation of new subgrains or the coalescence of blocks, respectively, consistent with observed microstructures. 
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